We discuss inflation in models with large extra dimensions, driven by a bulk scalar field. The zero mode of the bulk field plays the role of the inflaton in the brane. It avoids some of the naturalness problems of the usual brane inflation models. Extending the model to include two bulk scalar fields and a bulk potential similar to the hybrid inflation models helps to produce the right prediction for the density perturbations as observed by COBE without any fine tunning.
Theories with extra dimensions where our four dimensional world is a hypersurface (3-brane) embedded in a higher dimensional space (the bulk) have been the focus of intense scrutiny during the last two years. It is generally assumed that in this picture the standard model particles are in the brane whereas gravity and perhaps other standard model singlets propagate in the bulk. The main motivation for these models comes from string theories where the Horava-Witten solution [1] of the non perturbative regime of the E 8 × E 8 string theory provided one of the first models of this kind (although from a phenomenological point of view the idea was discussed early on by several authors [2, 3] ). Additional interest arose from the observation [4] that the bulk size could be as large as a millimeter leading to new observable deviations from Newton's inverse square law [5] at the millimeter scale, where curiously enough Newton's law remains largely untested.
A key formula that relates the string scale to the radius of the large extra dimension in these models is:
where R is the common radius of the n extra dimensions, M is the string scale and M P ℓ is the Planck scale. For R ∼ millimeter, M can be as low as few TeV thereby providing another resolution of the long standing hierarchy problem. This has been another motivation for these theories. While this picture leads to many interesting consequences for collider and other phenomenology [6] , it seems to require drastic rethinking of the prevailing view of cosmology. In particular, one runs into a great deal of difficulty in implementing [7] the standard pictures of inflation [8] . For instance, if the inflaton is required to be a brane field [9] , its mass becomes highly suppressed, making it difficult to understand the reheating process. Also, a wall inflaton makes it hard to understand [7] the density perturbations observed by COBE. In this brief comment we shall address some of those points and show how a bulk scalar field may be used to drive hybrid inflation in the brane and provide a way out of these difficulties.
To see how letting the inflaton arise from the brane fields leads to the above problems [7] , we will consider the chaotic inflation model [10] . If the highest scale in the theory is M, during inflation, the inflaton potential can not be larger than M 4 , regardless of the number of extra dimensions. Since successful inflation (the slow roll condition) requires that the inflaton mass be less than the Hubble parameter, we have the inequality m ≤ H ≤ M 2 /M P . For M ∼ 1 TeV, one then gets the bound m ≤ 10 −3 eV, which is a severe fine tuning constraint on the parameters of the theory. It further implies that inflation occurs on a time scale H −1 much grater than M −1 . As emphasized by Kaloper and Linde [7] , this is conceptually very problematic since it requires that the universe should be large and homogeneous enough from the very beginning so as to survive the large period of time from t = M −1 to t = H −1 . Moreover, for chaotic inflation [10] we get for the density perturbations
−30 . The case where λφ 4 term dominates the density one gets the same old fine tunning condition δρ ρ ∼ λ 1/2 . Hybrid inflation [11] does not improve those results [7] , since it needs either a value of m six orders of magnitude smaller or a strong fine tunning on the parameters, to match the COBE result δρ ρ ∼ 10 −5 . Let us now discuss how the picture above changes when we assume that the inflaton is a higher dimensional field. To keep things simple we will assume only a single extra dimension. However, we stress that our results hold for any number of extra dimensions as long as the inflaton propagates in all of them.
Let us start by assuming that the extra dimensions are already stabilized by some dynamical mechanism [12] . We then make the assumption that during inflation our 3-brane universe density is dominated by the brane inflaton, Φ. The perfect fluid assumption for the Φ field in five dimensions (i.e. T 05 = 0 where T 05 is one of the components of the energy momentum tensor), then implies that at the epoch of inflation, ∂ 5 Φ = 0. Therefore only the zero mode of the bulk field can play the role of inflaton. The inflaton fieldφ and the bulk field Φ are then related byφ = √ RΦ 0 . First point to note is that with a bulk inflaton it is not necessary to assume the validity of the Friedmann equation during inflation when the bulk effective potential dominates over other contributions to energy density. This can be seen by writing down the Friedmann equation for the Hubble expansion rate of our 3-brane in the case of a five dimensional brane-bulk scenario [13] :
where Λ b and ρ b are the cosmological constant and density of the brane respectively and Λ and ρ are the corresponding bulk parameters. Indeed from (2) we notice that the contribution of the inflaton potential is linear. However, we should be aware that at the end of inflation, when the inflaton density drops down, and when matter produced during reheating starts to dominate, we will need to invoke some mechanism to recover the usual behaviour i.e. H 2 ∼ ρ. Such mechanisms have been proposed in the literature [14, 15] and they can be transplanted into our model without difficulty.
Thus, keeping the dominant contributions during inflation we get
where, the index 0 means that we should evaluate all terms at the position of the brane, which for simplicity we assume to be at y = 0. This condition can be understood from the nature of the Einstein equations, used in the derivation of (2) . H in general is defined on the bulk, as are all components of Einstein equations. Since we are interested in what is happening in the brane we restrict the analysis to the point y = 0 in the extra dimension.
Starting from this expression we may recover the usual Friedmann equation by defining an effective four dimensional potential
which leads to
This result is to be contrasted with previous results that have assumed that the prescription for the effective potential is the integral over the extra dimension of the five dimensional potential [16] . In our case it is simply the zero mode that contributes. This new result has several important consequences. First, since the inflaton is now a bulk field, the upper bound on the five dimensional potential is M 5 (instead of M 4 for the case of the brane inflaton) and the effective potential has the upper bound RM 5 = M 2 M 2 P ℓ . Therefore, one gets m ≤ H ≤ M, which does not require a superlight inflaton. This also keeps the explanation of the flatness and horizon problems as usual, since now, the time for inflation could be as short as in standard inflation.
To proceed further, let us assume the following five dimensional potential for the bulk field:
The effective potential that drives inflation on the brane can be derived from the above equation to be
whereλ :=
λ is a naturally suppressed coupling. Now, as in the old fashioned chaotic scenario, inflation will start in those small patches of size H −1 where the effective inflaton reaches an homogeneous valueφ c ≥ M P ℓ . However, because of scaling, this requires that for the bulk field, we must have Φ c (0) ≥ M 3/2 , which is a natural value in our picture 1 . The calculation of the density perturbation proceeds as in the usual four dimensional theories. Let us write it down in terms of the five dimensional potential:
Because the quartic term is suppressed for small values of M, we first assume that the mass term drives the inflation. Nevertheless, as expected we get δρ ρ ∼ m/M P ℓ , which is again very small for m ≤ M. This result is similar to what one obtains in the brane inflaton models [7] . On the other hand, if the quartic term dominates the density, then
and models with only large values of M would be satisfactory. Since our interest here is in models with large extra dimensions, we consider M in the multi-TeV range and therefore we must seek ways to solve this problem. In any case it is gratifying that a single bulk scalar field seems to solve two of the major problems faced by the brane inflaton models. In order to improve the situation with respect to δρ ρ in this model, we extend it to include an extra scalar field σ and considering bulk potential to have the same form as is used in implementing hybrid inflation [10] picture:
where h is a dimensionless coupling constant and χ is the brane higgs field. When Φ developes a vacuum expectation value, the last term will contribute to the mass term, µ 2 0 , in the Higgs potential, which should be of order of the weak scale. From the potential given in (6), we get then the constraint
Now assuming that h, λ ∼ 1 and m ∼ 10 GeV ≪ M , we get M ∼ 10 2 T eV , which is consistent the strongest experimental limit [6] .
It is easy to check that inflation will require φ 2 c ≥ M 3 /2g 2 . Therefore, our effective inflaton should beφ c ≥ M P ℓ / √ 2g, just as expected. One then uses (10) to get
If for instance, we set in the last equation the values M ∼ 10 2 T eV and m 0 ∼ m ∼ 10 GeV we find
which is right the COBE result. Let us stress also that in this last case, we do not need any fine tuning of parameters.
We now conclude with a brief sumary of our main results. Choosing the bulk scalar field as the source of the brane inflaton field leads to several advantages: first the fundamental scale M can be in the multi-TeV range, which turns out to be the natural bound for inflaton mass and Hubble constant, in contrast with the brane inflaton models where they are oversuppressed. Assuming hybrid inflation and M just above the current experimental limits, the COBE observation of δρ ρ is also successfully explained without any fine tuning. Finally, we mention that all the results of this paper remain unchanged when more extra dimensions are involved, provided that the inflaton propagates in all the bulk, and that the Friedmann equation holds.
